Aims: The aim of this study was to examine the effect of alcohol on the decidualization of human endometrial stromal cells during early pregnancy. Methods: During in vitro decidualization, human endometrial stromal cells were treated with alcohol, 4-methylpyrazole hydrochloride (FPZ), the inhibitor of alcohol dehydrogenases (ADHs), and tetraethylthiuram disulfide (DSF), the inhibitor of acetaldehyde dehydrogenases (ALDHs), respectively. Cell viability and decidualization were examined. Apoptosis and proliferation were also evaluated. Results: The findings showed that ADHs and ALDHs were up-regulated during decidualization. After alcohol treatment, the cell viability of decidual stromal cells was significantly higher than control, which was abrogated by FPZ or DSF. When cells were treated with alcohol, proliferationrelated signal pathways were up-regulated in decidualized cells. Additionally, FOXO1 transcriptionally up-regulates ADH1B. Conclusion: Our study provided an evidence that highly expressed ADHs and ALDHs endow decidual stromal cells an ability to alleviate the harm from alcohol.
INTRODUCTION
During early pregnancy of mammals, embryo implantation is the key step for establishing successful pregnancy and followed by the decidualization of endometrial stromal cells. Decidualization is an extremely complicate process, including proliferation, differentiation, apoptosis, immune response and so on (Gellersen and Brosens, 2014) . Although decidualization is subject to harmful effects from a variety of factors, such as physical, chemical, physiological and microorganic factors, decidual cells possess certain abilities to resist harmful factors, such as oxidative stress, immune stress and DNA damage (Zuo et al., 2014) . But till now, the mechanism regarding the regulation and ability to resist adverse factors is still far from understood.
In modern society, alcohol is an essential drink and the intemperance is also ubiquitous. It is not rare that women consume alcohol during pregnancy, especially in the western world. It is reported that more than a half of women consume alcohol before pregnancy (Colvin et al., 2007) . Surprisingly, almost one third of women declare that they continue to drink alcohol with trying to conceive despite it is recommended that women should avoid drinking when they plan pregnancy. Notably, almost one fifth of women consume alcohol immoderately in their first trimester (Riar et al., 2014) . There are numerous studies on the adverse effects from alcohol during the mid-and late-gestations. In human placental trophoblast cells, Ca 2+ signaling stimulated by alcohol can activate apoptosis, resulting in placental insufficiency and poor fetal growth (Bolnick et al., 2014) . For fetal alcohol spectrum disorder, alcohol augments the expression of PDCD4 in primary cortical neurons, which obstructs protein synthesis and fetal brain development in rats (Narasimhan et al., 2013) . During early postnatal life, alcohol stimulates apparent neurotoxic effects on the developing hippocampus, leading to long-term effects on hippocampal neurogenesis (Xu et al., 2015) . In addition, periconceptional alcohol consumption causes metabolic dysregulation in offspring, including increased fasting plasma glucose, impaired glucose tolerance, ascendant hepatic gluconeogenesis as well as decreased insulin sensitivity at 6 months of age (Gardebjer et al., 2015) . Currently, it is not easy to predict the time of embryo implantation, which causes a mass of unplanned pregnancy and a high risk of alcohol exposure for the start of human first trimester (Fournier et al., 2015) . Therefore, it is necessary to examine the effects of alcohol during early pregnancy. From millions years ago, animals started to sustain alcohol exposure by eating fermentative fruits containing ethanol by yeast, which undergoes an adaptive evolution of dietary ethanol exposure, leading to the high expression of alcohol dehydrogenases (ADHs) and acetaldehyde dehydrogenases (ALDHs) (Rozpedowska et al., 2011) . Additionally, alcohol beverages pullulated throughout human histories at the beginning of human cultures, when most of the time people did not recognize the side effects of alcohol to expectant mothers (McGovern et al., 2004) . There are many isoforms of ADHs and ALDHs, classified into different classes based on their substrate specificity, sensitivity to inhibitors, localization, electrophoretic migration, immunological and catalytic properties (Jelski and Szmitkowski, 2008) . ADH1 isoenzymes are composed of α, β and γ subunits, including ADH1A, ADH1B, ADH1C. ADH1s are primarily expressed in gastrointestinal tract, kidneys and lungs (Poschl et al., 2004) . ADH2 is a homodimeric isoenzyme and expressed only in liver. ADH3 isoenzyme is a glutathione-dependent formaldehyde dehydrogenase and expressed in all checked tissues. ADH4 isoenzyme prevailingly exists in stomach and esophagus (Koivusalo et al., 1989) . ADH5 is expressed in gastric epithelium, whereas ADH6 mainly emerges in liver and rat kidney (Hoog et al., 2001) . In human body, ADH1s play the most crucial role during alcohol metabolism chiefly. Meanwhile, ADH1s can catalyze retinol to retinal for generating retinoic acid (Napoli, 1999) . ALDHs transform acetaldehyde from ADHs to acetic acid innocuous to organisms. They are divided into 10 classes according to physicochemical characteristics, enzymatic properties, subcellular localization and tissue distribution (Vasiliou and Nebert, 2005) . ALDH1 and ALDH2 play the major roles in acetaldehyde metabolism (Vasiliou et al., 2004) . ALDH1s are broadly expressed in many tissues and ALDH2 is mainly expressed in liver (Vasiliou et al., 1999) . In this study, we investigated the expression of ADHs and ALDHs during decidualization and their roles in resisting alcohol.
MATERIALS AND METHODS

Cell culture and treatments
Immortalized human endometrial stromal cell line (ATCC®CRL-4003™, U.S.), was purchased from ATCC and cultured as described previously (Qi et al., 2015) . Cells were cultured in Dulbecco's modified eagle's medium and Ham's F12 (DMEM/F12, Sigma, China) with 10% charcoal stripped fetal calf serum, 1% antibiotics, 5 μg/μl puromycin. When cultured to 70% confluence, cells were induced for in vitro decidualization with 1 μM medroxy-progesterone acetate (MPA, Sigma, China) and 0.1 mM dibutyryl cyclic adenosine monophosphate (db-cAMP; Sigma, China). The medium was replaced every 2 days. Cells were harvested for further experiments after 6 days of treatment. Insulin-like growth factor binding protein-1 (IGFBP1) was used as a marker of in vitro decidualization. The inhibitors of ADHs and ALDHs, 4-methylpyrazole hydrochloride (FPZ, Sigma, China) and tetraethylthiuram disulfide (DSF, Sigma, China), were added with different concentration respectively as described previously (Sarkola and Eriksson, 2001; Greco et al., 2014) . For transfection, siRNA targeted to FOXO1 was transfected into cells with Lipo-fectamine 2000 (Invitrogen, China) for 6 h as to the manufacturer's manual. The study was approved by the Ethical Committee of South China Agricultural University (SYXK-2014-0136) .
Cell viability assay
Cell viability assay was conducted in 96-well plate with CCK8 reagent (Sigma, China) according to the manufacturer's protocol. The plate was placed in the plate reader (ELX808, BioTek Instruments) and measured absorbance at 450 nm.
RNA extraction and real time PCR
Ribonucleicacid (RNA) extraction and real time polymerase chain reaction (PCR) were conducted as described previously (Zuo et al., 2014) . Briefly, cell samples were collected by Trizol Kit (Sigma, China). Total RNAs were extracted and reverse-transcribed into cDNAs with the primeScript reverse transcriptase reagent kit (TaKaRa bio Inc., China). For real time PCR, target cDNA was amplified with the SYBR Premix Ex Taq kit (TaKaRa bio Inc., China). All reactions were run in triplicate. The corresponding primer sequences used for real time PCR were listed in Table S1 . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used to normalize data.
Determination of enzyme activity
Alcohol dehydrogenase activity was measured with the Alcohol Dehydrogenase Activity Assay Kit (A083-2, Nanjing Jiancheng Bioengineering Institute, China) by a colorimetric method. Cells were digested, treated with ultrasonic and centrifuged at 4°C to collect the supernatants for measuring enzymic activity.
Acetaldehyde dehydrogenases activity was measured using the Aldehyde Dehydrogenase Activity Assay kit (ALDH-2-G, Suzhou Comin Biotechnology Co., Ltd, China) by a colorimetric method. Cells were digested, treated with ultrasonic and centrifuged at 4°C to collect the supernatants for measuring enzymic activity.
Western blot
Western blot was conducted as described previously (Zhao et al., 2008) . Briefly, cell samples were collected with protein lysis buffer. The cell lysates were separated in sodium dodecyl sulfatepolyacrylamide gel with electrophoresis and proteins were transferred onto a nitrocellulose membrane. Membranes were incubated with specific primary antibodies for Bcl-2 (2872, Cell Signaling Technology, USA), Fas-L (sc6237, Santa Cruz, USA), Tubulin (2144, Cell Signaling Technology), FOXO1 (2880, Cell Signaling Technology), GAPDH (TA802519, OriGene, USA), phosphorylated c-Jun N-terminal kinase (p-JNK) (9251, Cell Signaling Technology) and p-Akt (4058, Cell Signaling Technology), respectively. Densitometric quantification of the Western blots was processed with ImajeJ (version 1.50i, NIH, USA).
Statistical analysis
Data were presented as the mean ± standard deviation. Equal variance was tested by F-test. Difference between two groups was compared with t-test in normal distributed groups, or with t-test assuming unequal variance. In all cases, difference was believed significant with P < 0.05. Every experiment was repeated at least thrice independently.
RESULTS
Expression of ADHs during the decidualization of stromal cells
After stromal cells were induced for in vitro decidualization for 6 days, the expression of ADH1A, ADH1B and ADH1C was significantly up-regulation (Fig. 1A-C) . Compared to ADH1A and ADH1C, the level of ADH1B expression was much higher (Fig. 1B) . Accordingly, the enzyme activity of ADHs obviously increased in decidual stromal cells (Fig. 1D) . In order to check the function of ADHs in decidualization, stromal cells under in vitro decidualization were treated with different concentrations of FPZ, a specific inhibitor of the alcohol dehydrogenase. Decidualization was not affected by 2 and 5 mM FPZ, but was significantly inhibited by 10 mM FPZ (Fig. 1E ). Cell viability was not affected by 2, 5 or 10 mM FPZ (Fig. 1F) .
Expression of ALDHs during the decidualization of stromal cells
Compared to control, the expression levels of ALDH1A1, ALDH1A3 and ALDH2 were significantly increased under in vitro decidualization ( Fig. 2A-C) . In comparison to ALDH1A1 and ALDH2, ALDH1A3 level increased more folds (Fig. 2B) . At the same time, there was a significant increase of ALDHs activity (Fig. 2D) . In order to examine the role of ALDHs during decidualization, stromal cells under in vitro decidualization were treated with different concentrations of DSF, a specific inhibitor of ALDH1s. DSF had no effects on IGFBP1 expression, and had no effects on cell viability ( Fig. 2E and F) . The concentration of DSF higher than 2 μM significantly reduced cell viability.
Effects of alcohol on cell viability under in vitro decidualization
Since ADHs and ALDHs, which played important role in alcohol metabolism, were highly expressed during decidualization, we assumed that decidualized stromal cells could resist the harmful effect from alcohol with ADHs/ALDHs. When stromal cells were treated with 3%, 4.5%, 6%, 7.5% and 9% alcohol for 2 days, cell viability was obviously decreased (Fig. 3A) . Under in vitro decidualization, cell viability was also significantly reduced similar to stromal cells when stromal cells were treated with different concentrations of alcohol (Fig. 3A) . When stromal cells were treated with alcohol for 4 or 6 days, cell viability also significantly reduced ( Fig. 3B and C) . However, under in vitro decidualization, cell viability was significantly higher than normal stromal cells at each time point after these cells were treated with alcohol ( Fig. 3B and C) , suggesting that decidualization should contribute to resistance to alcohol. Then stromal cells under in vitro decidualization were treated with different concentrations of alcohol, 7‰ and 15‰ alcohol had no significant effects on IGFBP1 expression, but IGFBP1 expression was obviously reduced by 30‰ alcohol (Fig. 3D) .
To further address the function of ADHs/ALDHs in resisting alcohol, stromal cells under in vitro decidualization were treated with 45‰ alcohol in the presence of FPZ or DSF. After decidualizing cells were treated with alcohol, cell viability showed a decrease. The cell viability was not affected by 2 mM FPZ (Fig. 3E) . However, the viability of decidualizing cells was significantly reduced by 5 or 10 mM FPZ. The viability was also significantly decreased by 1 μM DSF (Fig. 3E) . These results indicated that the resistance of decidual cells to alcohol was obviously compromised by the inhibitor for ADHs or ALDH1s.
Then stromal cells were treated with 15‰ alcohol to examine whether ADH1B and ALDH1a3 were regulated by alcohol. When stromal cells were treated with 15‰ alcohol for 1, 2 and 3 h, the expression level of ADH1B or ALDH1A3 was not affected (Fig.  S1A and B) . Additionally, the expression level of ADH1B or ALDH1A3 was also not regulated with different concentrations of alcohol ( Fig. S1C and D) . These results indicated that the expression of ADH1B and ALDH1A3 were not changed by alcohol treatment, suggesting that non-decidualized stromal cells could not cope with the damage caused by alcohol.
Alcohol-induced apoptosis under in vitro decidualization
Because alcohol reduced the cell viability of stromal cells, we examined the apoptosis. Both Bcl-2 and Fas-L were chosen as markers for apoptosis (Kajihara et al., 2006) . Although alcohol strongly stimulated the expression of pro-apoptotic Fas-L, the anti-apoptotic Bcl-2 kept steady in stromal cells without decidualization ( Fig. 4A and B) . Under in vitro decidualization, Bcl-2 expression was significantly induced by alcohol, but alcohol had no obvious effects on Fas-L level ( Fig. 4C and D) . These results suggested that decidualized stromal cells may resist apoptosis induced by alcohol.
Protein kinase JNK is related to apoptosis (Akhter et al., 2015) . Akt participates in survival and proliferation (Ye et al., 2016) . Correspondingly, the phosphorylation of JNK was stimulated by alcohol in normal stromal cells, but reduced in decidualized cells ( Fig. 4E and F) . Moreover, p-Akt level was increased more distinctly by alcohol treatment in stromal cells (Fig. 4E and G) .
Regulation of transcription factor FOXO1 on the expression of ADH1B and ALDH1A3 during decidualization
FOXO1 is an important transcription factor for decidualization (Kajihara et al., 2013) . After stromal cells were induced for decidualization for 6 days, FOXO1 was strongly induced in both mRNA and protein levels (Fig. 5A ). Based on our promoter analysis, there are FOXO1 binding sites in the promoters of both ADH1B and ALDH1A3. FOXO1 was slightly induced by MPA treatment for 24 h (Fig. 5B) , and was strongly stimulated by cAMP at 24 h (Fig. 5C ). ADH1B was also induced intensively by cAMP (Fig. 5D) , but cAMP had a little effect on ALDH1A3 expression (Fig. 5E) . Moreover, the knockdown of FOXO1 in normal stromal cells caused a sharp decrease in FOXO1 expression (Fig. 5F ). Although ADH1B expression was obviously suppressed by FOXO1 siRNA (Fig. 5G) , ALDH1A3 expression was not affected by FOXO1 siRNA (Fig. 5H) . These data suggested that ADH1B expression was stimulated by cAMP via transcription factor FOXO1.
DISCUSSION
In present study, our data indicated that ADHs and ALDHs are highly expressed with increased enzymic activities during human in vitro decidualization. Decidualized stromal cells can resist the alcohol-induced damage.
In nature, there are numerous opportunities for living species to encounter alcohol. Millions years ago, yeasts evolved with the ability to convert sugars to alcohol and carbon dioxide promptly (Rhind et al., 2011) . With eating these fermentative fruits containing alcohol produced by yeasts even as high as 125 mM, animals came into chronic contact with alcohol, resulting in an adaptive evolution of dietary ethanol exposure and the high expression of ADHs and ALDHs (Rozpedowska et al., 2011) . Moreover, alcoholic beverages companioned human cultures from the ancient times (McGovern et al., 2004) , when people did not realize the damage from alcohol to human pregnancy and fetus until modern society (HernandezTobias et al., 2011) .
There are numerous studies on the adverse influences of alcohol to pregnancy, most of which are about its effects to fetus from midand late-gestation (Patra et al., 2011) . In cultured rat fetal cerebral cortical neurons, alcohol transcriptionally up-regulates PDCD4 by enhancing GSK-3β signaling in cortical neuroblasts, inducing severely abnormalities in developing fetal brain (Riar et al., 2014) . Alcohol exposure leads to a conspicuous change for the metabolism profile of human stem cells (Helfer et al., 2014) . The merging evidences indicate the effects of alcohol consumption on gestation may pass to the next generation. Rats exposed to alcohol on gestation Day 12 shows depressed social motivation at postnatal Day 42 (Ignacio et al., 2014) . Maternal mouse alcohol consumption in the first 8 days of pregnancy can change the epigenetic profile of miR-138-2, miR-290 and miR-16-2, and cause the developmental defect later in life (Marjonen et al., 2015) . Alcohol also disturbs polyamine synthesis of mouse embryo after maternal alcohol abuse, leading to the development of neural tube defect, and growth restriction (Haghighi Poodeh et al., 2014) .
The embryo implantation of primates including humans is rather difficult to be confirmed with present medical technology during early stage (Pawar et al., 2014) . Both alcohol consumption of women and unplanned pregnancy endows alcohol to be one of the most seriously side effects to early pregnancy (Lepper et al., 2016) . The consequent decidualization of human endometrial stromal cells is essential to successful pregnancy (Gellersen and Brosens, 2014) . Although many factors can cause the damages to gestation, decidualized endometrial stromal cells are capable of withstanding multifarious disadvantageous influences (Zuo et al., 2014) . During early pregnancy, stromal cells face the profound changes in oxygen tension and induce oxidative stress. The undecidualized stromal cells turn to a high expression of FOXO3a and undergo apoptosis (Kajihara et al., 2006) . During mouse decidualization, the high level of Crystallin αB (CryAB) confers decidualized stromal cells to deal with stress conditions such as oxidative or inflammatory stress (Zuo et al., 2014) . These studies suggest that early pregnancy is not only tender but also can withstand multitudinous adverse effects.
There are not abundant studies about the relationship between alcohol and early pregnancy, most of which indicate that alcohol harms fecundity. But one study in rats showed that femoral vein injection of alcohol increases the blood flow of implantation site in a short time (15 min) (Mitchell and Goldman, 1996) . Another study found that feeding of moderate alcohol (2 g/kg body weight) can advance the implantation time course up to 4 h in rats (Mitchell, 1994) . It is well known that appropriate alcohol is beneficial to health, including elevating blood flow and vasodilatation. This situation is similar to the increase of vascular permeability during implantation, which may promote the progress of implantation. More alcohol (4 g/kg body weight) feeding causes a reduction of pregnancy outcome, but has no effect on embryo implantation in rats (Mitchell, 1994) because ADHs and ALDHs are up-regulated in implantation site possibly (Ma et al., 2012) . This result is in accord with our results in human decidualized stromal cells, which further demonstrates the function of ADHs and ALDHs in resisting alcohol. During the artificial decidualization of rats, alcohol treatment reduces uterine sensitivity, but increases deciduoma growth (Mitchell and Kainen, 1992) . According to our results, decidualized stromal cells get the stress from alcohol and stimulate p-Akt, which may promote deciduoma growth. Although there are species differences, these studies suggest that decidualized stromal cells can resist the negative effects from alcohol.
JNK pathway is closely related to apoptosis, which phosphorylates Bcl-2 and Beclin-1. Then Bcl-2 dissociates from Bcl-2 family members and losses the ability to inhibit apoptosis (Kajihara et al., 2006) . Simultaneously, the phosphorylation of JNK also stimulates the expression of Fas-L (Akhter et al., 2015) . p-JNK accelerates the hepatotoxicity in alcohol-induced liver injury by aggravating elevation of transaminases, necrosis, mitochondrial dysfunction and oxidative stress. With the inhibition of JNK, the degree of toxic druginduced liver injury is blunted in both humans and mice (Akhter et al., 2015) . In contrast, Akt signaling is mainly in charge of cell survival, growth and proliferation. Akt phosphorylates the member of Bcl-2 family Bcl-2 associated agonist of cell death, leading to free of Bcl-2 and Bcl-X, which promote more anti-apoptotic activities (Ye et al., 2016) . Our study showed an increase of the antiapoptotic ability in decidualized stromal cells following by alcohol treatment.
In this study, we found that under in vitro decidualization, stromal cells can protect themselves from the damage of alcohol to make sure the success of pregnancy. This study provides a new understanding on the role of decidualization during early pregnancy.
CONCLUSION
This study demonstrated that ADHs and ALDHs are highly expressed and regulated by cAMP and FOXO1 during decidualization, and collaborate with apoptosis related proteins, which are beneficial for stromal cells to resist alcohol-induced damages.
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